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We report on a method for optimizing the collection of entangled
photon pairs in type-II parametric fluorescence. With this technique,
we detected 360000 polarization-entangled photon pairs per second
in the near-IR region in single-mode optical fibers. The entanglement
of the photon pairs was verified by measuring polarization correla-
tions in different bases of at least 96%.
PACS Numbers: 42.65.Yj,42.50.Dv
Experiments with entangled photon pairs have opened a
whole field of research: Created initially by electron-positron
annihilation and later in atomic cascade decays, entangled
photons allowed a distinctive comparison of various concepts
of Quantum mechanics [1,2]. More recently, parametric flu-
orescence (down-conversion) in nonlinear optical crystals as
the source of entangled photon pairs [3–5] lead to a dramatic
increase in count rates. This enabled a variety of experiments
on the foundations of quantum mechanics [6–8] and the ex-
perimental realization of new concepts in quantum informa-
tion [9–11]. In spite of that success, most of the experiments
and potential applications still suffer from the low yield of the
fluorescence process. It was thus the motivation for the work
presented here to optimize collection efficiency and thereby
the available rate of polarization-entangled photon pairs from
parametric down conversion.
In type-II parametric fluorescence, a pump photon with en-
ergy h¯ωp is converted in a nonlinear optical crystal into two
orthogonally polarized photons, signal and idler, obeying en-
ergy and momentum conservation. For a fixed pump photon
momentum and a given idler frequency ωi, there is a one-
dimensional manifold of emission directions for the idler pho-
ton, and a corresponding one for the signal photon with a fre-
quency ωs with ωp = ωi + ωs, forming two emission cones.
To generate polarization entangled photon pairs, the orienta-
tion of the nonlinear crystal is chosen such that the two cones
intersect. This intersection defines two directions along which
the polarization of each emitted photon is undefined, but per-
fectly anti-correlated with the polarization of the other one.
Provided complete indistinguishability of which photon be-
longs to which emission cone, a polarization-entangled pair
of photons is obtained [5].
In most of the experiments performed, the photons have
been collected into spatial modes defined by apertures, and
the spectrum of the collected light has been defined with op-
tical filters to a given bandwidth ∆λ around the wavelengths
λi and λs of signal and idler photons. Yet, in many interfer-
ometric experiments requiring a well-defined spatial mode or
for transport over larger distances it is desirable to couple the
light from the parametric down conversion into single mode
optical fibers. With specific design criteria in an experiment
testing Bell inequalities with space-like separated observers
[12], typical pair rates of 13000 s−1 for ∆λFWHM = 3 nm at
a pump power of 400 mW have been achieved (crystal thick-
ness 3 mm) [13]. The collection efficiency there was already
an order of magnitude higher than in the initial experiments
using type-II down conversion sources [5]. Different tech-
niques have been implemented since then to increase the num-
ber of entangled photon pairs emitted in a single spatial mode,
including the use of two Type-I conversion crystals [14], fo-
cusing the pump beam [15,16], or using resonant enhance-
ment [17,18]. Quite recently, several groups have succeeded
in designing photon pair sources with confining waveguides
in periodically poled crystal structures [19,20], showing un-
precedented efficiencies in the generation of correlated pho-
ton pairs. However, to our knowledge, no entangled photons
have been observed with this technique yet.
Here, we present a simple way to optimize the collection
efficiency, using the fixed relation between emission direction
and wavelength for a fixed pump frequency. The idea is to
match the angular distribution of the parametric fluorescence
light for a given spectral bandwidth to the angular width of the
spatial mode collected into a single mode optical fiber. Apply-
ing this design criterium, which also can be combined with the
new methods mentioned above, we achieved unprecedented
coupling efficiencies and photon pair detection rates.
To optimize collection efficiency, we consider the wave-
length dependency of the opening angles of the emission
cones. For a given spectral width ∆λi = ∆λs, the sig-
nal and idler light emitted along the intersection directions is
dispersed over an angular width ∆αi and ∆αs, respectively.
We use the approximate rotational symmetry of the emission
cones and obtain
∆αi = ∆αs ≈ ∆θs = ∆θi = dθi
dλi
∆λi , (1)
where θs and θi are the emission angles between the pump
direction and signal and idler light, respectively, in a plane
containing the optical axis of the (uniaxial) crystal (see the
rings of intersection with a plane normal to the pump beam
in figure 1(a)). This expression can be obtained from energy
and momentum conservation in a closed form, although the
numerical solution is faster. The pump light is considered as
a plane wave propagating with an angle θp with respect to the
optical axis of the nonlinear crystal. A more detailed discus-
sion of the relation between spectral and angular distribution
of the down-converted light can be found in [22].
For an appropriate choice of the crystal orientation, the two
directional manifolds of signal and idler light intersect per-
pendicularly. Then, for a Gaussian spectral distribution of the
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FIG. 1. (a) Geometry for the emission of signal and idler photons
for a finite bandwidth. (b) Emission angle θi of idler relative to the
pump beam for Θp = 49.7◦ and φi = 0◦. (c) Derivative dθi/dλ to
estimate the angular width ∆αi to be collected.
light to be collected, the corresponding angular distributions
are also Gaussian with characteristic widths ∆αs = ∆αi, and
have rotational symmetry around the intersection directions.
We now define Gaussian target modes aligned with the in-
tersection directions of the emission cones with a divergence
θD = ∆αs,i, which can be mapped optically to the collecting
fibers. The beam waist of these Gaussian modes is given by
w0 = λ/(piθD). As the mode matching for the parametric
down conversion is described in a plane wave basis, we locate
the waist of this Gaussian mode in the conversion crystal, as
sketched in figure 2(a). For our configurations, the crystal is
always shorter than the Rayleigh length zr = piw20/λ of the
corresponding modes, thus we neglect possible effects due to
wavefront curvature in the conversion crystal.
Having chosen the target modes, we only collect photons
being created in a region of overlap between target modes and
pump field. Therefore, the pump field can be restricted to a
region where the target modes have a significant field strength.
To maximize overlap with the Gaussian pump field, we choose
its waist wp to be equal to the waist of the target modes in the
crystal.
As in previous work [5], we use an Argon ion laser in our
experiment at a wavelength of λp = 351.1 nm to pump a BBO
nonlinear optical crystal (thickness 2 mm), yielding down
converted photon pairs efficiently detectable with Si avalanche
diodes.
The two cones of signal and idler light at the degenerate
wavelength λs = λi = 702.2 nm intersect perpendicularly for
a pump beam orientation of Θp = 49.7◦ with respect to the
optical axis, resulting in an (external) angle of φs,i = ±3.1◦
with respect to the pump beam (figure 1(a)).
Figures 1(b,c) show both the emission angles θi, θs and
their derivatives for that configuration. The results are ob-
tained numerically, with refractive indices of the crystal given
by numerical Sellmeier equations [23]. The angles include the
refraction on the crystal surfaces, assuming the crystal faces
oriented normal to the pump beam direction. At the degen-
eracy wavelength of λ = 702.2 nm, we obtain an angular
derivative of |dθi/dλi| = |dθs/dλs| ≈ 0.055◦/nm.
Using the asymptotic expression
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FIG. 2. Basic setup: (a) A UV pump laser beam is focused into
a BBO-crystal A to a waist wp; light emitted by parametric fluores-
cence is mapped to the receiving modes of single mode optical fibers
F with lenses L. A combination of half-wave-plates H and addi-
tional BBO-crystals C are used to compensate for walk-off in the
first crystal. (b) Polarization analysis in each arm with an additional
half wave plate H selecting the measurement basis and a polarizing
beam splitter PBS.
I(θ) ∝ exp(−2θ2/θ2D) (2)
for the intensity distribution I(θ) in a Gaussian target mode,
and aiming for a spectral width of ∆λFWHM = 4 nm for the
down converted photons, one would expect a divergence angle
of
θD ≈ ∆λFWHM/
√
2 ln 2× |dθi/dλi| = 0.186◦. (3)
To compensate for an additional divergence due to the angular
distribution in the pump beam, we have chosen a divergence
angle θD = 0.16◦ for the target modes, corresponding to a
Gaussian beam waist of w0 = 82 µm. These modes were ge-
ometrically mapped with aspheric lenses (f = 11 mm) to the
receiving modes of single mode optical fibers with a Gaussian
waist parameter determined to be wf = 2.3 µm.
Transverse and longitudinal walk-off in the conversion
crystal were compensated in the usual way [5] with additional
polarization rotators and BBO crystals of length 1 mm to ob-
tain polarization entangled photons for all wavelengths in the
acceptance spectrum of the down-converted light (figure 2(a)).
In our arrangement, we used interference filters for bandwidth
selection in front of the couplers only for an initial alignment;
the experimental data described below were obtained without
these filters.
Figure 3 shows the spectral distribution of the converted
light collected into the single mode fibers. The spectra in both
arms exhibit an almost Gaussian distribution with a FWHM
of 4.06 nm and 4.60 nm, respectively [24]. They are centered
around the degeneracy wavelength of 702.2 nm, with a sep-
aration of 0.55 nm due to residual misalignment of the fiber
coupler positions. The widths of the observed spectra are in
good agreement with the estimation given above.
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FIG. 3. Optical spectra of light collected from the down conver-
sion into the two single mode fibers. The spectra show a FWHM of
4.60 nm (a) and 4.06 nm (b) and are centered around the degeneracy
wavelength of 702.2 nm with a separation of 0.55 nm.
To determine the collection efficiency, we connected the
single mode optical fibers directly to two actively quenched
silicon avalanche diodes. Figure 4 shows the coincidence
count rates and the count rates for the individual detection
events as a function of UV pump power. We determined a
coincidence/single count ratio (i.e., an overall efficiency) of
0.286± .001 for the whole range of pump power. The maxi-
mum coincidence count rate we observed was 360800 s−1 at
a pump power of P = 465 mW [21]. The coincidence time
window was measured to be τc = 6.8± 0.1 ns, thus acciden-
tal coincidence count rates being small over the whole range
of pump power. For the low power regime, we obtain a slope
of 900 coincidence counts per second and mW for our 2 mm
long BBO crystal in the single mode optical fibers.
We like to point out that the coincidence/single ratio may
significantly be affected by transverse walk-off of the extraor-
dinary beam: The transverse walk-off for the passage through
the down-conversion crystal is 170 µm, which has to be com-
pared to a receiving waist of 82 µm. For experiments requir-
ing even higher coincidence/single ratio, e.g. in the attempt
of closing the detector loophole in an EPR experiment, one
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FIG. 4. Coincidence count rates (left axis) and individual count
rates (right axis) of two photodetectors connected directly to the sin-
gle mode fibers as a function of UV power.
would choose a smaller optical bandwidth, causing a larger
beam waist of the target mode and thereby a less dramatic in-
fluence of the transverse walk-off. Another possibility would
be the use of cylindrical lenses.
To verify the entanglement of the photon pairs obtained
with this collection arrangement, we measured the polariza-
tion correlation between the photons of each pair using a po-
larization analyzer as shown in figure 2(b) formed by a half
wave plate and a polarizing beam splitter. The birefringence
of the optical fiber was compensated with a ’bat ear’ polariza-
tion controller such that less than 1% of intensity was trans-
fered from 0◦ or 45◦ linear polarization to the corresponding
orthogonal polarization. After polarization analysis, the light
was coupled into a multi-mode optical fiber, and detected by
the two actively quenched silicon avalanche diodes.
The single and coincidence count rates for different orienta-
tions φ1, φ2 of the half wave plates in the analyzers are shown
in figure 5 for a UV pump power of 400 mW. For a setting
of φ2 = 0◦, corresponding to detecting horizontally polarized
photons, we observed a visibility of the polarization correla-
tion of 96.0 ± 0.1%. This value was obtained from a sin/cos
fit to the experimentally obtained coincidence count rates. To
correct for accidental coincidences, we subtract a coincidence
rate of nc = nsniτc(1 − η), with a total detection efficiency
η = 0.214 in the polarization analysis setup, and single count
rates of ns, ni ≈ 420000 counts per second. With that, we
find a visibility of 98.2 ± 0.1%. For a setting of φ2 = 22.5◦
corresponding of a detection of +45◦ linearly polarized pho-
tons in arm 2, the coincidence count rate as a function of the
tilt angle φ1 is shown in figure 5. From this measurement,
we obtain a bare visibility of 94.5± 0.1% for the polarization
correlation, and 96.3 ± 0.1% after correction for accidentals.
The corrected visibilities of the polarization correlation both
in a (H,V) and a (+45◦,−45◦) basis are compatible with val-
ues of 98.8 ± 0.2% and 97.0 ± 0.2% we obtained at a lower
pump power of P = 123 mW, where accidental coincidences
are negligible. Using (raw) data from the high intensity ex-
periment for the evaluation of a CHSH-type Bell inequality,
we obtain S = −2.6979 ± 0.0034, i.e., a violation of 204
standard deviations for a measurement time of one second per
angle setting.
To summarize, we presented a technique to optimize the
collection of entangled photon pairs created in a type-II para-
metric fluorescence process using mode matching procedures.
We thereby were able to increase pair collection efficiencies
of earlier experiments [13] into single mode optical fibers by
a factor of≈ 25, supplying a strong source for quantum infor-
mation experiments having attracted attention recently. It is
particularly interesting to combine these techniques with res-
onant enhancement techniques [18], since this leads to strong
sources for polarization-entangled photon pairs without the
need for costly large-frame lasers [25].
3
22.5 45 67.5 90 112.5 135 157.5 180
20
40
60
80
100
10
3
co
u
n
ts
 / 
se
c
φ 1 [°]
φ 2 = 22.5 ° φ = 0 °2
FIG. 5. Polarization correlation experiment: Coincidence count
rates of the polarization analysis setup for different orientation angles
φ1, φ2 of the half-wave plates. Uncorrected polarization correlation
in the (H,V) basis is 96%, and 95% in the ±45◦ basis.
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